abstract: SUN domain proteins are integral proteins of the inner nuclear membrane and functions in linkage of the nuclear lamina to the cytoskeleton. Moreover, SUN domain proteins seem to mediate the tethering of the centrosome to the nuclear membrane, and they are involved in telomere attachment to the nuclear envelope in meiotic cells, and in germ cell development in invertebrates. In contrast to the widely expressed SUN domain proteins in mammals, SUN1 and SUN2, which have been analysed in great detail, there is virtually nothing known about testicular SUN domain proteins. Since a hallmark of male germ cell development is the profound remodelling of the nuclear envelope, emphasized, for example, by the reshaping of the nucleus during spermiogenesis, and the biogenesis of its tightly associated acrosome, SUN domain proteins might be engaged in these processes. We have isolated a novel SUN domain protein, SPAG4L-2, that differs from SPAG4L by an N-terminal insertion of 25 amino acids. Spag4l and Spag4l-2 are exclusively expressed in testis at about equimolar amounts, and show elevated transcription during ongoing spermiogenesis coincident with the appearance of round spermatids. Molecular dissection of the protein followed by cytological and biochemical investigations revealed that SPAG4L-2 and SPAG4L are transmembrane proteins that localize to the nuclear envelope. SPAG4L/4L-2 are restricted to the apical nuclear region of round spermatids that face the acrosomic vesicle, and thus are most probably involved in linkage of the acrosomic vesicle to the spermatid nucleus, and in acrosome biogenesis.
Introduction
The nuclear envelope of eukaryotic cells is composed of the inner (INM) and the outer nuclear membranes (ONM), the latter being continuous with the endoplasmic reticulum. INM and ONM enclose a thin lumen, the periplasmic or perinuclear space (PNS), and are joined at nuclear pores (Wilson, 2000) . The INM is in close contact with the nuclear lamin network and INM proteins interact with lamins and/ or heterochromatin (Soullam and Worman, 1993; Ellenberg et al., 1997) . Characterized INM proteins are the lamin B receptor, lamin-associated polypeptides-1 and -2 (LAP1 and LAP2), Emerin, MAN1 and SUN1 and SUN2 (Worman et al., 1988; Foisner and Gerace, 1993; Bione et al., 1994; Malone et al., 1999; Lin et al., 2000; Dreger et al., 2001; Schirmer et al., 2003; Hodzic et al., 2004) . SUN1 and -2 are transmembrane proteins that contain a conserved SUN domain at their C-terminal regions. The SUN domain was originally identified by sequence comparison between the Schizosaccharomyces pombe sad-1 gene product and the Caenorhabditis elegans unc-84 gene product (hence named SUN for sad-1 and unc-84). Both proteins, SUN1 as well as SUN2, are type II transmembrane proteins of the INM with their C-terminal SUN domains located in the perinuclear space (PNS) whereas their N-terminal regions extend into the nucleoplasm (Hodzic et al., 2004; Liu et al., 2007) . The SUN domain of C. elegans UNC-84 interacts and thus recruits UNC-83 via its KASH domain to the ONM (McGee et al., 2006) . KASH domains are conserved and are found in the nuclear envelope proteins Klarsicht, ANC-1, SYNE-1/Nesprin and MSP-300 (hence termed KASH for Klarsicht/Anc-1/Syne-1 homology). Nesprins are giant actin-binding proteins and orthologous to Drosophila melanogaster muscle protein MSP-300 (Zhang et al., 2002) . KASH and SUN proteins thus seem to bridge the nuclear envelope resulting in the connection of the nuclear lamina to the cytoskeleton (McGee et al., 2006) . This bridging model is further supported by data demonstrating an interaction between the human SYNE-2 (Nesprin2) and SUN1 proteins thus pointing to a conserved interaction between KASH and SUN domains (Padmakumar et al., 2005; Crisp et al., 2006; Tzur et al., 2006) . Furthermore, SUN1 has been identified as a lamin-A-binding protein. Interaction occurs via the N-terminal region of SUN1 that locates inside the nucleoplasm whereas its C-terminal luminal domain locates in the periplasm between the INM and ONM and interacts with the KASH domains of Nesprins1 and -2 (Haque et al., 2006) . In summary, SUN -KASH interactions turned out to be evolutionary conserved linkers of the nucleoskeleton to the cytoskeleton (LINC) complexes (Razafsky and Hodzic, 2009) .
Most mammalian cells express two classes of lamin proteins, types A and B, that are encoded by three lamin genes, LMNA, LMNB1 and LMNB2. Alternative splicing gives rise to seven isoforms. The A-type lamins AD10, C2, and their major isoforms A and C all derive from the LMNA gene. The B-type lamins are B1 encoded by LMNB1, and B2-3 encoded by LMNB2. A-and B-type lamins differ in their expression pattern. While B type lamins are found in all nucleated somatic cells, expression of A-type lamins correlates with terminal differentiation (Rober et al., 1989) . Lamins C2 and B3, that are shorter splicing variants of lamins C and B2, respectively, are expressed only in germ-line cells (Furukawa and Hotta, 1993; Furukawa et al., 1994 ; for a review on lamins see: Goldman et al., 2002) . Lamin C2 is selectively expressed in rat spermatocytes, i.e. cells that undergo meiosis, and seems to be involved in the proper attachment of the synaptonemal complex during first meiotic prophase (Alsheimer and Benavente, 1996; Alsheimer et al., 1999) . Lamin B3 on the other hand is selectively expressed during spermiogenesis, i.e. in the post-meiotic stages of spermatogenesis (Schütz et al., 2005) .
Spermatogenesis is a highly ordered process starting with mitotic proliferation of spermatogonial stem cells, followed by the reduction of chromosome content during meiosis, and finally by post-meiotic differentiation of haploid spermatids into mature sperm. Hallmarks of spermatogenic progression are therefore changing gene expression patterns and extensive morphological alterations. Reorganization includes a profound remodelling of the nuclear envelope (see, for example, Alsheimer et al., 1999) as, for example, emphasized by the reshaping of the nucleus during spermiogenesis thus generating the species-specific form of the mature sperm. Reorganization of the nuclear envelope furthermore is demonstrated by alteration of lamin composition in germ cells. During meiosis, the nuclear envelope seems to be an important player for proper meiotic progression. During meiosis, a complex series of chromosomal interactions takes place which are prerequisites for the proper segregation of the genetic material and the generation of haploid gametes. These include the attachment of telomeres at the nuclear envelope and their transient gathering near the centrosome known as bouquet formation (Scherthan, 2001; Liebe et al., 2006; Scherthan, 2007) . Anchoring of mammalian meiotic telomeres to the nuclear envelope seems to be mediated by SUN1 as well as by SUN2, but targeted disruption of the Sun1 gene in mice indicated a critical role for SUN1 (Ding et al., 2007; Schmitt et al., 2007) . During spermiogenesis, the reshaping of the nucleus is accompanied and affected by acrosome biogenesis. The acrosome is a Golgi-derived vesicle containing hydrolytic proteins essential for fertilization. It is tightly linked to one of the poles of the spermatid nucleus by the acroplaxome, a cytoskeletal plate consisting of F-actin, the keratin 5 ortholog Sak57, and myosin Va. The acroplaxome in turn is anchored to the nuclear envelope of the elongating spermatid nucleus (Kierszenbaum et al., 2003; Kierszenbaum and Tres, 2004) .
Considering the fact that a profound remodelling of the nuclear envelope accompanies meiosis and spermatogenic progression (see, for example, Alsheimer et al., 1999) , in conjunction with chromatin remodelling and alteration of gene expression, testis-specific proteins of the nuclear envelope might be important players in these processes. In mammals at least five genes seem to encode SUN domain proteins. In contrast to Sun1 and Sun2 that are widely expressed in somatic cells (Hodzic et al., 2004; Crisp et al., 2006) , expressed sequence tag (EST) expression profiles revealed that Sunc1/Sun3 (Crisp et al., 2006; Haque et al., 2006; Tzur et al., 2006) , Spag4/Sun4 and Spag4l/Sun5 seem to be largely restricted to testis. SPAG4 (sperm associated antigen 4) was originally identified as a sperm-specific protein that interacts with the sperm tail outer dense fibre protein ODF1 but was not incorporated into the sperm tail (Shao et al., 1999) . Moreover, SPAG4 was recently described as a potential cancer marker as it is expressed in a wide range of human neoplastic tissues (Kennedy et al., 2004) . Related to SPAG4 amino acid sequence is a putative protein encoded by the mouse SRG4 gene (accession no. AY307077) thus denominated as SPAG4L (SPAG4-like). SPAG4L has one predicted transmembrane domain and a C-terminal SUN domain that exhibits 67% similarity to the SUN domain of SUN-1. Expression of SRG4 is abundant in testis and was found in spermatocytes and in round spermatids (Xing et al., 2004) .
We have isolated a novel SPAG4L isoform, SPAG4L-2, from mouse testis and show here that SPAG4L/4L-2 are in fact transmembrane proteins that localize to the nuclear envelope. Ectopic expression of SPAG4L-2 in NIH3T3 cells, additionally, revealed localization to the endoplasmic reticulum but not to the Golgi apparatus. Molecular dissection of the protein and ectopic expression of the generated constructs in NIH3T3 cells suggested the presence of two transmembrane domains, but in situ proteinase K digestion revealed that SPAG4L-2 spans the membrane only once, most likely oriented with its N-terminal region inside the nucleoplasm and its C-terminal SUN domain inside the PNS. Transcription of Spag4l and of Spag4l-2 is restricted to testis, and both isoforms are transcribed at about equimolar amounts. Transcription additionally is up-regulated during ongoing spermiogenesis coincident with the appearance of round spermatids. The endogenous SPAG4L/4L-2 protein specifically locates to the apical region of spermatid nuclei facing the acrosomic vesicle. Our results show for the first time that SPAG4L/4L-2 are proteins of the nuclear envelope restricted to the apical part of spermatid nuclei to which the acrosomic vesicle is anchored. These results suggest that SPAG4L/4L-2 might be one player of a protein complex linking the acrosomic vesicle to the spermatid nucleus, and that the disruption of this linking complex might be considered as an underlying cause of globozoospermia.
Materials and Methods
Isolation and subcloning of Spag4l-2 cDNA Spag4l-2 cDNA was amplified from a mouse testis cDNA library (Stratagene, La Jolla, USA) using the primer pairs Spag4 XbaI for (5 ′ GCTCTAGAGCAATGCCCCGGACGAGGAACATC) and Spag4 KpnI rev (5 ′ AGCTTGGTACCGGGATAGGGGCTCTAGGTGTGA) and was cloned into pcDNA3.1 myc/His (2) C (Invitrogen, Paisley, UK). Subclones were generated by PCR using the primer pairs Spag4lTM1 F (5 ′ CCAAGCTTATGCCAGCCCCGGCAAACATG) and Spag4lTM1 R (5 ′ GGAATTCGCTGGGTCTGAGTCCTCAGGAA), or Spag4lTM2 F (5 ′ CCAAGCTTATGAAGATGGGCCTTCTGGTCCTC) and Spag4lTM2 R (5 ′ GGAATTCGTAAGTGCATGGAAAACATCCA), or Spag4lCterm F (5 ′ CCAAGCTTATGCCATCAAAAGTGGAAGTCTGG) and Spag4lCterm R (5 ′ GGAATTCGGGATAGGGGCTCTAGGTGTGA), respectively. PCR products were cut with HindIII and EcoRI and cloned into pEGFP-N1 (Clontech, Palo Alto, CA, USA). Additionally, full length Spag4l-2 was cloned into pcDNA3.1 comprising an N-terminal HA-tag and a C-terminal myc-tag (Spag4l-2 HA/Myc). The HA-tag was introduced via PCR using HA-tag primers (primer1: CGGCTAGCGCCACCATGGCCTACCCC TACGACGTG and primer2: GCCTACCCCTACGACGTGCCCGACT ACGCCTCTAGA). The N-terminal region, encompassing the first 54 amino acids, was amplified by PCR with the primer pair HA-tag primer1 and Spag4l Nterm rev (GGAATTCGTTCATGCGGAGAGGCAAC) and was subcloned into pcDNA3.1. The N-terminal part including both transmembrane domains (N-term + TM1 + TM2) was PCR amplified with the primer pair HA-tag primer1 and Spag4lTM2R (GGAATTCGTAAGTG CATGGAAAACATCCA) and was subcloned into pcDNA3.1. Spag4l (containing TM2 but not TM1) was fused to the HA-tag in pcDNA3.1. The correct reading frames of all clones were verified by sequencing.
RT-PCR
Total RNA from mouse tissues was prepared using peqGOLD TriFast reagent (PEQLAB, Erlangen, Germany) and digested with RQ1 DNAse. cDNA was generated using oligodT primer and AMV reverse transcriptase. For amplification of Spag4l, Scp3 (synaptonemal complex protein 3), Gapdh (glyceraldehyde-3-phosphate dehydrogenase) and Odf1 (outer dense fibre protein 1), respectively, the following primers were used: for Spag4l Spag4 XbaI for/Spag4lCterm R (GGAATTCGGGATAGGGGCTC TAGGTGTGA), for Scp3 GACGGTACCATGCTTCGAGGGTGTGGG/ GACGGATCCAATAACATGGATTGAAG, for Gapdh (glyceraldehyde-3-phosphate dehydrogenase) CACCACCAACTGCTTAGCC/CGGATAC ATTGGGGGTAGG and for Odf1 (outer dense fibre protein 1) GAGCT CAAGCTTTGGCCGCACTGAGTTGTC/CCGCGGTACCCAAGATCA TCTTCCTACA. PCR products were isolated from agarose gels and sequenced (MWG Biotech, Martinsried).
Cell culture, transfection and immunofluorescence microscopy NIH3T3 cells (ATCC) were grown in DMEM, 10% fetal bovine serum, 5% penicillin/streptomycin (all Gibco) at 378C in 5% CO 2 . Cells were grown on cover slips and transfected using Transfectin reagent (BioRad, München). Cells were then fixed in 3.7% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) and, after blocking unspecific-binding sites in PBT (PBS containing 0.15% bovine serum albumin, 0.1% Tween-20), incubated with the primary antibodies at 378C for 1 h. Primary antibodies used were anti-myc (mouse monoclonal, 9E10, or rabbit polyclonal, Millipore), anti-HA (HA.C5, Abcam, Cambridge, UK), anti-LaminA/C (sc-7293, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-Golgin-97 (Molecular Probes, Eugene), anti-Hsp47 (Colligin, MBL, Naka-ku Nagoya, Japan) anti-HP1ß (MAC353; Serotec, Oxford, UK). Primary antibodies were detected with secondary antibodies, either with anti-mouse Alexa 488 or anti-mouse MFP590, with anti-rabbit Alexa 488 or anti-rabbit MFP590 (all Molecular Probes, Eugene), or with anti-rat Cy3 (Sigma, St Louis, MO, USA). DNA was counterstained with DAPI. Images were taken by confocal microscopy (LSM 510, Zeiss) and processed using Adobe Photoshop 5.0.
In situ proteinase K digestion NIH3T3 cells were transfected in triplicate with Spag4l-2 HA/myc, tagged at its N-terminus with HA and at its C-terminus with myc. Twenty-four hours of post-transfection cells were subjected to in situ proteinase K digestion essentially as described by Liu et al. (2007) . In brief, after two rinses with ice-cold PBS, one lot was incubated in 4 mg/ml proteinase K (Sigma-Aldrich) in KHM buffer (110 mM KOAc, 20 mM Hepes, pH 7.4 and 2 mM MgCl 2 ) for 45 min at room temperature. The second lot was permeabilized with 24 mM of digitonin in KHM for 15 min followed by proteinase K digestion (4 mg/ml in KHM) for 45 min at room temperature. The third lot was incubated with 4 mg/ml proteinase K in KHM containing 0.5% Triton X-100 for 45 min. Cells were then washed in KHM and lysed in 0.4% SDS, 2% Triton X-100, 400 mM NaCl, 50 mM Tris -HCl, pH 7.4, 1 mM DTT, 2 mg/ml pepstatin A and 1 mg/ml leupeptin by passing through a 22-gauge needle. Proteins were then separated on a 12.5% denaturing SDS-gel (Laemmli, 1970) and finally probed with specific antibodies.
Biochemical fractionation and immunoblotting
Biochemical fractionation was performed essentially as described by Haque et al. (2006) using NIH3T3 cells transfected with the respective Spag4l-2 subclone. In brief, cells were dispersed in 20 volumes of ice-cold hypotonic buffer [10 mM Hepes pH 7.4, 2 mM MgCl 2 , 25 mM KCl, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF)] containing Complete protease inhibitor cocktail (Roche) for 45 min at 48C. After addition of 0.5 volumes hypotonic buffer containing 24% sucrose, cells were lysed by application of 100 strokes in a Dounce hand homogenizer, nuclei were pelleted at 400g for 10 min at 48C and the supernatant (S1) stored. Nuclei were washed in hypotonic buffer containing 8% sucrose and pelleted at 400g at 48C for 10 min. Nuclei were then resuspended in extraction buffer (10 mM Hepes pH 7.4, 2 mM MgCl 2 , 1 mM PMSF) containing 50 mM NaCl and 1% Triton X-100 and incubated for 30 min on ice. Centrifugation at 16 000g for 10 min at 48C separated pellet and soluble supernatant (S2). The pelleted fraction was resuspended in extraction buffer containing 500 mM NaCl and 1% Triton X-100 and incubated on ice for 30 min. Centrifugation resulted in a third supernatant (S3) and an insoluble fraction. The pellet was once more extracted in 7 M urea containing extraction buffer for 30 min and centrifuged to give rise to supernatant (S4) and insoluble pellet (P). All four supernatants as well as the insoluble last fraction (pellet) were analysed on denaturing polyacrylamide gels (Laemmli, 1970) . For immunoblotting proteins were transferred to Hybond-ECL (Amersham Pharmacia Biotech, Freiburg, Germany; Towbin et al., 1979) , the membrane blocked in 5% dry milk in TBST (10 mM Tris/HCl pH 7.6, 150 mM NaCl, 0.05% Tween-20), and incubated with the primary antibodies [anti-GFP (MAB3580, Millipore), anti-Lamin A/C (sc-7293, Santa Cruz Biotechnology, Santa Cruz, USA), anti-Golgin-97 (Molecular Probes, Eugene) or anti-Hsp47 (Colligin, MBL, Naka-ku Nagoya, Japan)] in blocking solution. Bound antibodies were detected via binding of the secondary antibody (anti-rabbit-IgG or anti-mouse-IgG) linked to horseradish peroxidase (Sigma Biosciences, St Louis, or Jackson ImmunoResearch, West Grove, PA, USA), and chemiluminescence (Renaissance Enhanced Luminol Western Blot Chemiluminescence Reagent Plus; NEN Life Science Products, Zaventem, Belgium).
Testis-specific SUN domain proteins SPAG4L/SPAG4L-2
Immunocytology on testis spreads
Adult C57BL/6 male mice were used for the generation of testicular suspension preparations. A cloudy testicular cell suspension was made by concomitant fixation in 4% paraformaldehyde in PBS, and cells cytofuged onto glass slides. After incubation in PBS containing 0.2% Triton X-100 for 10 min, cells were blocked for 1 h in blocking solution (PBS containing 1.5% BSA, 0.1% Tween-20). SPAG4L and SPAG4L-2 were both detected with antibody TSARG4 (P-20; Santa Cruz) as first antibody followed by the incubation with a specific secondary antibody. The acrosome was detected with peanut-lectin FITC-conjugated (P-L Biochemicals Inc., Milwaukee, WI, USA).
Results

Isolation of Spag4l-2
We isolated a novel Spag4l (Q9DA32, Xing et al., 2004) isoform, named Spag4l-2 (FJ667498), from a mouse testis cDNA library (Stratagene, La Jolla). Both sequences, Spag4l and Spag4l-2, essentially differ by an insertion of 25 amino acids at the N-terminal region present exclusively in Spag4l-2 (Fig. 1 ). Spag4l-2 thus encodes a protein with two predicted transmembrane domains in its N-terminal region, a coiled-coil region, and a SUN domain in its C-terminal part (Fig. 1) . Spag4l (ENSMUSG00000027480) is a single copy gene located on mouse chromosome 2 (2H2), and consisting of 12 annotated exons (Ensembl). Since the additional sequences present in Spag4l-2 are missing in these exons, a novel exon 2b encoding this 25 amino acid insertions of SPAG4L-2 has to be added. All in all, Spag4l gene thus consists of 13 exons. The two isoforms, Spag4l and Spag4l-2, might hence originate from alternative splicing of exon 2b.
SPAG4L-2 is a nuclear membrane protein SPAG4L has been described as a protein with a single transmembrane domain (TM) and a C-terminal SUN domain (Xing et al., 2004) . In contrast, SPAG4L-2 has two predicted transmembrane domains (Fig. 1) . In order to verify if SPAG4L-2 is indeed a membrane protein, and to investigate its protein domains in more detail, we generated a series of constructs in which either the complete coding sequence of Spag4l-2 or the predicted transmembrane domains, the C-terminal part, or the N-terminal region without or with transmembrane domains, respectively, were individually fused to tags (EGFP, HA or HA/myc). All in all, we generated the following constructs: full length SPAG4L-2 fused to EGFP, SPAG4L-2 fused N-terminally to HA-tag and C-terminally to myc-tag, TM1-EGFP (transmembrane domain 1 fused to EGFP), HA-TM1 (transmembrane domain 1 fused to HA-Tag), TM2 (transmembrane domain 2)-EGFP, C-terminal SPAG4L-2c-EGFP, HA-tag fused to the N-terminal 54 amino acids and the N-terminal part including both transmembrane domains fused to HA-tag at its N-terminal end (Fig. 2B) . All EGFP constructs comprise the EGFP tag at their C-terminal ends. All constructs were transfected into NIH3T3 mouse cells and their localizations were investigated cytologically as well as by biochemical fractionation.
Immunocytological inspection after transfection of individual constructs (Fig. 2B) revealed that the full length SPAG4L-2 protein is present in the nuclear membrane but additionally also in the cytoplasm (Fig. 2Aa -c) . TM1 fused to EGFP is found in a substantial amount in the cytoplasm but tagged the nuclear membrane as well (Fig. 2Ad -f ). In this case, the nuclear membrane itself was decorated by Lamin A expression (Fig. 2Ae) . TM2 fused to EGFP tagged the nuclear membrane as well (Fig. 2Ag-i) even though less obvious than TM1. Additionally, TM2 colocalized with the Golgi (Fig. 2Aj-l) . The isolated C-terminal part encompassing the coiled-coil domain and the SUN domain is exclusively cytoplasmic and showed more or less even distribution (Fig. 2Am -o) . The first 54 amino acids of the N-terminal end formed speckles inside the nucleus (Fig. 2Ap -r) . The addition of both transmembrane domains to the N-terminal end again recruited the protein to the nuclear envelope (Fig. 2As-u) . These results therefore demonstrate that SPAG4L-2 is a nuclear membrane protein, and suggest the existence of two transmembrane domains (TM1 and TM2). However, SPAG4L that comprises TM2 but misses part of TM1 (Fig. 1) localizes to the nuclear envelope as well (Fig. 2Av -x) thus questioning whether the missing sequences are important for nuclear envelope recruitment.
In order to confirm these cytological results, we performed biochemical fractionation of transfected NIH3T3 cells. Cells were first transfected with one of several different SPAG4L-2 expression constructs (full-length SPAG4L-2, C-terminal SPAG4L-2c, TM1 or TM2, respectively) and then subjected to biochemical fractionation. Following centrifugation, soluble and insoluble fractions were produced. The soluble fractions are S1-S4. S1 are cytoplasmic proteins soluble in hypotonic buffer, S2 are nuclear proteins soluble in 50 mM NaCl, 1% Triton X-100, S3 are those soluble in 500 mM NaCl, 1% Triton X-100 and S4 are nuclear proteins soluble in 7 M urea. Those proteins not even soluble in 7 M urea are found in the pellet P. Proteins were separated on denaturing polyacrylamide gels, blotted and immunoprobed. SPAG4L-2 was detected with anti-myc antibody, SPAG4L-2c and both transmembrane domains are all fused to EGFP and were all detected with anti-GFP antibodies. Detection of Golgin-97 that marks the Golgi, of Lamin A/C and of Hsp-47 (Colligin), a marker of the endoplasmic reticulum, confirmed that fraction S1 is cytoplasmic whereas the membranes are mostly found in fractions S4 and P (Fig. 3) . Full length SPAG4L-2 as well as TM1 exclusively remained in the insoluble fraction (P). A substantial amount of TM2 was also found in the insoluble fraction (P) but TM2 additionally was present in all other fractions especially in the fraction of nuclear proteins soluble in 50 mM NaCl/Triton X-100 (S2). The C-terminal end was exclusively found in the soluble first fraction confirming its cytoplasmic distribution. The results obtained by biochemical fractionation thus corresponded to those obtained by cytological inspections and confirmed that SPAG4L-2 is a membrane protein.
Cytoplasmic SPAG4L-2 colocalizes with the ER
Forced expression of SPAG4L-2 (with HA-and myc-tags) in NIH3T3 cells revealed that the protein is mainly localized to the nuclear Figure 2 SPAG4L-2 is a nuclear membrane protein. Spag4l-2 constructs were transfected into NIH3T3 cells and their subcellular localization analysed (A). The full length protein SPAG4L-2 (fused to HA tag at its N-terminal end and to myc tag at its C-terminal end) preferentially localized to the nuclear membrane (a -c). The putative transmembrane domains of SPAG4L-2, TM1 and TM2, fused to EGFP, are found in the cytoplasm (d -l), and in a substantial amount at the nuclear membrane. Lamin A was co-transfected and detected by antibody staining (in red) in order to highlight the nuclear membrane (e, f). Colocalization of TM2 with the Golgi was proven by anti-Golgin staining (j-l, in red). The C-terminal part of SPAG4L-2, SPAG4Lc, fused to EGFP, (m -o) was exclusively cytoplasmic. The N-terminal region of SPAG4L-2 from amino acids 1 -54 (without transmembrane domains) showed speckled nuclear staining (p-r). The N-terminal part including both transmembrane domains (N-term + TM1 + TM2) localized to the nuclear envelope in addition to the cytoplasm (s -u). Missing TM1 in SPAG4L did not affect localization to the nuclear membrane (v -x). SPAG4L, SPAG4L-2, N-term and N-term + TM1 + TM2 are all fused to HA tag at their N-terminal ends and are detected by anti HA-antibodies. DAPI counterstain in blue. Merge images c, f, i, l, o, r, u and x. All bars are of 5 mm. Schematic overview of the constructs used for transfection (B). The coiled-coil domain as well as the SUN domain (SUN) are depicted.
Testis-specific SUN domain proteins SPAG4L/SPAG4L-2 membrane but that a substantial amount is also found in the cytoplasm showing a structured distribution. We therefore asked whether SPAG4L-2 localizes to other membranous organelles as well. The endoplasmic reticulum was detected with antibodies against Hsp47 (Colligin), and the Golgi with antibodies against Golgin-97 (Fig. 4) . We could thus show that cytoplasmic SPAG4L-2 distribution largely overlapped with the endoplasmic reticulum ( Fig. 4a-d ), but not with the Golgi apparatus ( Fig. 4e -h) , and that ER staining essentially did not highlight the nuclear envelope ( Fig. 4b and j) . In contrast, the C-terminal region of SPAG4L-2, SPAG4L-2c, which is exclusively cytoplasmic did not colocalize with the ER (Fig. 4i -l) . It has to be mentioned that these data are obtained by forced overexpression of SPAG4L-2 in somatic cells, that otherwise do not have endogenous SPAG4L/4L-2, thus resulting potentially in an artificial ER localization. Since SPAG4L/4L-2 did not locate to the Golgi vesicle, even when overexpressed, a location of the endogenous SPAG4L/4L-2 to the Golgi vesicle can thus largely be excluded.
Orientation of SPAG4L-2 within the nuclear membrane
Biochemical as well as immunocytological analyses have confirmed SPAG4L-2 as a membrane protein that largely resides within the nuclear membrane. Furthermore, our results supported the existence of two transmembrane domains.
All SUN domain proteins characterized so far are transmembrane proteins spanning the INM. Their N-terminal regions are generally oriented towards the nucleoplasm and their C-terminally located SUN domains are positioned in the luminal space between ONM and INM. Keeping in mind the localization of known SUN domain proteins within the nuclear membrane and their postulated functions as revealed by the identification of interacting proteins, we wondered about the orientation of SPAG4L-2. We thus took advantage of selective membrane permeabilization by different detergents. It has already been shown that low concentrations of digitonin can be used to selectively permeabilize the plasma membrane of cells while leaving the nuclear membranes and ER intact (Adam et al., 1990) . This method of selective membrane permeabilization has already been successfully used to investigate the orientation of SUN-1 demonstrating that SUN-1 is a component of the INM and that the C-terminal domain resides within the perinuclear space (Crisp et al., 2006) .
To verify SPAG4L-2 topology, we transfected Spag4l-2 tagged with HA and myc at its N and C termini, respectively, in NIH3T3 cells and performed in situ proteinase K digestion (Liu et al., 2007) . As already outlined, treatment with low concentrations of digitonin permeabilizes the plasma membrane but not the ER and nuclear membranes. Subsequent proteinase K digestion then degrades cytoplasmic and nuclear proteins, whereas ER lumenal and PNS proteins were protected. Treatment with Triton X-100 is a harsher condition that permitted the digestion of all those proteins, whereas incubation of cells with proteinase K without prior membrane permeabilization prevents the degradation (Liu et al., 2007) .
Treatment of SPAG4L-2 HA/myc expressing cells with proteinase K without prior membrane permeabilization indeed confirmed protection of SPAG4L-2 HA/myc proteolysis because the N as well as the Cterminal tags were present in the full length protein (Fig. 5) . Mild treatment with low concentrations of digitonin was not adequate to permit proteinase K digestion at all since both tags could then be detected on the full length protein (not shown). However, Triton X-100 treatment in conjunction with proteinase K digestion resulted in successive degradation of SPAG4L-2 beginning at the N-terminal end. The N-terminal HA tag therefore was no longer existent whereas the C-terminal myc tag was detected. The molecular mass of the remaining protein additionally shifted from 42 to 37 kDa (Fig. 5 ).
Spag4l-2 is abundantly expressed in testis
We have isolated Spag4l-2 from mouse testis. To investigate its expression we first performed RT -PCR on total RNA isolated from diverse tissues of adult mice as well as from mouse NIH3T3 cells. RT -PCR using primers that flank the full length sequence generated a product of about 1 kb in testis tissue exclusively (Fig. 6) . Amplification of Gapdh (at about 300 bp) documented the quality of the cDNAs and supported that similar amounts were used for the RT -PCR experiment. No product was generated in the negative control in which the template was omitted. Hence Spag4l-2 is abundantly expressed in testis and is likely restricted to testicular tissue. Using primer pairs that flank the sequence insertion in Spag4l-2 we got two PCR products corresponding to Spag4l and Spag4l-2 (Fig. 6C) . Both isoforms are therefore expressed specifically in testis at significant amounts. Figure 3 SPAG4L-2 is a nuclear envelope protein with two transmembrane domains. NIH3T3 cells were transfected with different SPAG4L-2 expression constructs (either with full-length SPAG4L-2, with the C-terminal end of SPAG4L-2, SPAG4L-2c, with a construct encoding transmembrane domain 1, TM1, or with a construct encoding transmembrane domain 2, TM2), and subjected to subsequent biochemical fractionation. Following centrifugation, soluble and insoluble fractions were produced. The soluble fractions are S1 -S4. Cytoplasmic proteins soluble in hypotonic buffer are found in S1. Nuclear proteins soluble in 50 mM NaCl, 1% Triton X-100 are found in S2, nuclear proteins soluble in 500 mM NaCl, 1% Triton X-100 are found in S3 and nuclear proteins soluble in 7 M urea are found in S4. Proteins not even soluble in 7 M urea are found in the pellet P. Proteins were separated on denaturing polyacrylamide gels, transferred to nitrocellulose and probed with antibodies. SPAG4L-2 was detected with anti-myc antibody. SPAG4L-2c and both transmembrane domains, respectively, are all individually fused to EGFP, and were thus detected with anti-GFP-antibodies. Anti-Hsp-47 antibodies, anti-Golgin97 antibodies and anti-Lamin antibodies were used to detect the ER, the Golgi, and the nuclear lamina, respectively.
We therefore asked whether testicular transcription correlated with spermatogenic progression which is a well characterized and highly ordered process. The characteristic progression of spermatogenic differentiation in the post-natal mouse testis reflects the appearance of progressively more mature germ cell types (Nebel et al., 1961) . Meiosis starts around Day 10, early round spermatids are present 10 days later, and the early elongating spermatid stage is reached at about Day 26. Spermatogenic progression, moreover, was monitored by RT-PCR of marker genes. Expression of Scp3 (synaptonemal complex protein 3) was used to monitor meiosis, and of Odf1 (outer dense fibre protein 1) to detect post-meiotic stages and progression of sperm tail formation (Burmester and HoyerFender, 1996) . Gapdh was used as a general marker for cDNA quality (Fig. 7) . Amplification of Spag4l-2 demonstrated that transcription seems to start at 20 dpp and increases up to 25 dpp indicating a correlation with the appearance of round spermatids (Fig. 7) . Although the primers used were inadequate to differentiate between Spag4l-2 or Spag4l amplification, sequencing of PCR products revealed amplification of Spag4l-2.
Immunological detection of endogenous SPAG4L/SPAG4L-2 in mouse testicular cells
For immunocytological detection of the endogenous protein we used a commercially available antibody (TSARG4) that was raised against a Figure 4 SPAG4L-2 colocalizes with the ER. NIH3T3 cells were either transfected with Spag4l-2, encoding the full length protein tagged with HA and myc (a -h), or with Spag4lc-EGFP encoding the C-terminal part fused to EGFP (i -l). Proteins were either visualized via their fluorescent GFP tags (i) or by antibodies directed against the HA tag (a, e). The ER was detected by using antibodies against Hsp47 (Colligin) (b, j), and the Golgi by using antibodies against Golgin-97 (f). DAPI counterstaining in blue (c, g and k). Merge images in d, h, l.
Figure 5 SPAG4L-2 topology within the membrane. NIH3T3 cells were transfected with Spag4l-2 tagged with HA and myc at its N-and C-termini, respectively. Cells were subjected to in situ proteinase K digestion following differential membrane permeabilization procedures. After SDS lysis, proteins were separated on denaturing polyacrylamide gels, transferred to nitrocellulose and probed with anti HA or anti myc antibodies. Proteinase K digestion without prior membrane permeabilization prevented degradation of SPAG4L-2 HA/ myc. Triton X-100 permeabilization resulted in proteolysis of SPAG4L-2 starting at the N-terminal HA tag which was therefore no longer present. However, a protected C-terminal fragment of 37 kDa was detected using an antibody against the C-terminal myc tag. Treatment with low concentrations of digitonin prior to proteinase K digestion was uninformative and was therefore omitted.
Testis-specific SUN domain proteins SPAG4L/SPAG4L-2 peptide mapping at the N-terminus of mouse SPAG4L. To confirm that the antibody TSARG4 in fact detects SPAG4L-2 we first transfected NIH3T3 cells with SPAG4L-2 HA/myc tagged and performed immunocytology (Fig. 8A) . Antibody TSARG4 indeed detected SPAG4L-2 at the nuclear membrane and in the cytoplasm as expected (Fig. 8Aa) . TSARG4 thus seemed to be suitable for detection of endogenous proteins.
We then made suspension preparations of mouse testicular cells and probed them with TSARG antibody. We found staining exclusively at the apical region of round spermatids that is in close contact to the acrosomic vesicle which was detected by peanut lectin-FITC decoration (Fig. 8B) . Omitting the first antibody did not yield any staining at all (not shown).
Discussion
The conserved SUN domain, originally identified by sequence comparison between S. pombe sad-1 and C. elegans unc-84 gene products, characterizes the family of SUN domain proteins. All SUN domain proteins, so far analysed in detail, are transmembrane proteins that locate to the INM. The C-terminal SUN domain extends into the perinuclear space that is enclosed by the INM and the ONM, where it interacts with the KASH domain of a family of conserved proteins that span the ONM (Padmakumar et al., 2005) . Most KASH domain proteins are ONM proteins and extend into the cytoplasm where they interact with cytoskeletal components. Since SUN domain proteins extend their N-terminal region into the nucleoplasm (Hodzic et al., 2004) and seem to interact with lamin-A (Haque et al., 2006) , a bridging model has been figured out where protein complexes via SUN/KASH interaction span the double membrane of the nuclear envelope eventually resulting in LINC complexes (Crisp et al., 2006; McGee et al., 2006; Tzur et al., 2006; Razafsky and Hodzic, 2009) .
In mammals, two SUN domain proteins have been described, SUN1 (also called UNC84A) and SUN2 (also called UNC84B), that are both components of the inner nuclear envelope (Malone et al., 1999; Dreger et al., 2001; Schirmer et al., 2003; Tzur et al., 2006) . SUN1 and SUN2 are ubiquitously expressed and might also be components of the nuclear envelope in spermatocytes (Schmitt et al., 2007) . However, generation of mice with targeted disruption of Sun1 has indicated a critical role of SUN1 for meiotic telomere attachment to the nuclear envelope and ongoing gametogenesis whereas SUN2 deficiency did not affect fertility (Ding et al., 2007; Lei et al., 2009) . It is therefore questioned whether SUN2 is indeed functionally involved in tethering of meiotic telomeres to the nuclear envelope if present in spermatocytes at all (Ding et al., 2007) . Since homozygous Sun1 2/2 mice are viable (Ding et al., 2007) , SUN1 seems not to be essential for normal development most likely due to SUN2 mediated Figure 6 Spag4l/4l-2 expression is restricted to testis. RT-PCR on cDNA generated from total RNA isolated from adult mouse tissues and from NIH3T3 cells was performed to monitor Spag4l/4l-2 expression (A) and GAPDH expression as control (B) . Although all cDNAs are positive for GAPDH, Spag4l/4l-2 expression was exclusively restricted to testis. Significant expression of Spag4l and of Spag4l-2 proved by RT -PCR on testis cDNA (C). The cDNA clones of Spag4l and of Spag4l-2 were used as positive controls.
Figure 7
Transcription of Spag4l/4l-2 is up-regulated during ongoing spermiogenesis. RT -PCR on cDNA from post-natal mouse testis of 10, 15, 20 and 25 dpp revealed up-regulation of Spag4l-2 transcription from 20 to 25 dpp. RT-PCR for the meiosis marker SCP3 demonstrated increasing expression and hence meiotic progression in mouse testes from 10 dpp up to 25 dpp. Odf1 is restricted to spermiogenesis and marks sperm tail formation. RT-PCR for GAPDH was used as quality control.
compensation of SUN1 deficiency in somatic cells. The observed effect on the fertility of male and female Sun1 knock out mice thus could possibly be assigned to the lack of SUN domain protein redundancy in germ cells. However, besides SUN1 and SUN2 at least three other yet largely uncharacterized SUN domain proteins might exist in mammals whose expression seems to be restricted to testis. We isolated a novel cDNA from mouse testis that is closely related to SPAG4L but differs from the published sequence (Q9DA32) by an additional insertion of 25 amino acids at the N-terminal region (Fig. 1) . We thus denominated this novel cDNA as SPAG4L-2. SPAG4L-2 comprises the conserved SUN domain at its C-terminal end, a coiled-coil region in the middle part, and two putative transmembrane domains at its N-terminal region. Ectopic expression of SPAG4L-2 or SPAG4L demonstrated that the proteins primarily locate to the nuclear envelope. Additionally, SPAG4L-2 colocalizes with the ER but not with the Golgi. Molecular dissection of the protein followed by ectopic expression and cytological as well as biochemical analyses confirmed that SPAG4L-2 is a membrane protein. TM1 and TM2 could both be confirmed as transmembrane domains. TM1 fused to EGFP located to the nuclear envelope and was present in the insoluble nuclear fraction. TM2-EGFP tagged the nuclear envelope as well but the fusion protein was additionally found in a substantial amount in the cytoplasm most likely in the Golgi apparatus. Its association with membranous organelles might be the reason why TM2 was found in almost all biochemical fractions. Recruitment to the nuclear envelope is exclusively mediated by the N-terminal region encompassing TM1 and TM2 but independent of the C-terminal region of SPAG4L-2. The Cterminal part on its own was exclusively cytoplasmic without any particular distribution, and could be found in the soluble cellular supernatant. The most N-terminal 54 amino acids directed to the nucleus and featured a speckled distribution. However, we could not identify a nuclear localization sequence either in the N-terminal part or in the rest of the protein. In situ proteinase K digestion of transfected cells suggested that N-and C-terminal ends of SPAG4L-2 reside on opposite sides of the nuclear envelope. Degradation started at the Nterminal end of SPAG4L-2 resulting in a truncated protein with present C-terminal myc-tag and missing N-terminal HA-tag. The protected fragment of SPAG4L-2 had an approximate molecular mass of 37 kDa that corresponds to a C-terminal SPAG4L-2 stump including HA-Spag4l-2-myc was transfected into NIH3T3 cells, and cells were then processed for immunostaining using anti-TSARG antibody. DAPI counterstain in blue, merge image in c. (B) SPAG4L/4L-2 is largely restricted to the acrosomic cap region of round spermatids. Suspension preparations of mouse testicular cells were processed for immunological decoration with TSARG antibody. In round spermatids labelling of a cap structure similar to the acrosomic cap was obvious. Antibody staining in red (a, d). Detection of the acrosomic vesicle by peanut lectin-FITC labelled (PL-FITC) (b, e). Nuclear counterstain in blue. Merge images in c, f. All bars are of 5 mm.
Testis-specific SUN domain proteins SPAG4L/SPAG4L-2 both transmembrane domains. In situ proteinase K digestion therefore suggested that SPAG4L-2 spans the membrane only once with the Cterminal SUN domain extending into the perinuclear space. Our data thus indicate an orientation for SPAG4L-2 consistent with those of SUN domain proteins with the N-terminal domain extending into the nucleoplasm.
We found exclusive expression of Spag4l/4l-2 in testis of adult mice that increased with ongoing spermatogenesis and peaked at 25 dpp indicating a correlation with the appearance of round spermatids. Expression of Spag4l/4l-2 therefore most likely seemed to be restricted to haploid germ cells, i.e. spermatids, contradictory to what has been published by Xing et al. (2004) . Immunocytological inspection of testis cell preparations revealed that the endogenous protein indeed is restricted to round spermatids and locates to the apical region of the nuclei facing the acrosomic vesicle. Spag4l and Spag4l-2 are both detected by the antibody used for immunocytology. Since Spag4l as well as Spag4l-2 are both transcribed exclusively in testis and colocalize with the nuclear envelope they are most likely functionally related, alternatively spliced isoforms.
The acrosome forms during the first half of mouse spermiogenesis by the secretory activity of the Golgi apparatus (Susi et al., 1971; Tang et al., 1982) . During the first phase, the Golgi phase, numerous proacrosomic vesicles were secreted from the trans-Golgi network. They coalesce to form a single larger acrosomic vesicle which associates with the nuclear envelope via the perinuclear theca (PT). In the second phase, the cap phase, the acrosomic vesicle enlarges and expands over the nucleus to take the shape of a cap. During spermiogenesis round spermatids differentiate into mature spermatozoa. The head of the mammalian spermatozoon is a highly compact structure and consists in most species predominantly of the nucleus and the acrosome. Except in the basal region where the tail implants into the nucleus, the nucleus is entirely covered by a rigid capsule, the PT (Lalli and Clermont, 1981; Oko and Clermont, 1988) . The PT is subdivided into subacrosomal and postacrosomal regions (Fawcett, 1970) . The subacrosomal layer of the PT is located between the inner acrosomal membrane and the ONM. In spermatozoa with falciform head shapes (i.e. rats and mice) this region has been termed perforatorium in order to consider its particular shape and extensive thickening (Clermont et al., 1955) . Posterior to the acrosome is the postacrosomal sheath of the PT that is sandwiched between the plasmalemma and the ONM (Oko and Clermont, 1988) . Analyses of the structure and composition of the PT during sperm development and fertilization have led to the suggestion that both parts of the PT have different functions, and that the subacrosomal layer is involved in acrosome biogenesis (Oko and Maravei, 1995; Aul and Oko, 2002; Sutovsky et al., 2003; Tovich and Oko, 2003; Tovich et al., 2004) . Expansion of the acrosomic vesicle seems to be synchronous with the expansion of the underlying PT. The PT proteins are found on the surface of the acrosomic vesicle as it attached to the nucleus but are not present on the nuclear envelope before acrosome-nuclear docking (Mountjoy et al., 2008) . Docking of the acrosome to the nucleus is mediated by the acroplaxome, a cytoskeletal plate consisting of F-actin, SAK57 and myosin Va (Kierszenbaum et al., 2003; Kierszenbaum and Tres, 2004) . Despite the identification of a number of vesicle membrane bound proteins involved in acrosome biogenesis, and the acroplaxome situated in the subacrosomal layer (Oko and Morales, 1994 Mountjoy et al., 2008) , nuclear envelope proteins involved in coupling the acrosomic vesicle to the nuclear membrane have not been identified so far. Our identification of SPAG4L/4L-2 as a novel testis-specific SUN domain protein that most likely resides in the apical nuclear membrane of round spermatids facing the subacrosomal layer of the PT suggests that it might be involved in the docking of the acrosomic vesicle to the nuclear membrane and we postulate the existence of putative testis-specific KASH domain proteins to bridge the subacrosomal nuclear envelope and eventually link the acrosome to the nucleoplasm. Moreover, mutations in SPAG4L/4L-2 that disrupt the tight association of the acrosomic vesicle to the nuclear envelope have to be considered as an underlying cause of globozoospermia.
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